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Summary
Joint immobilization is associated with altered cartilage biosynthesis and catabolism that may affect cartilage mechanics and joint function.
In this study, the mechanical behavior of articular cartilage was studied in an experimental model of joint immobilization, in which the canine
knee was cast-immobilized at 90° of flexion for 4 weeks. Articular cartilage from the medial tibial plateau was tested in compression and in
shear. Biochemical assays for water and glycosaminoglycan content and histomorphometric grading were performed on site-matched
samples. Significant decreases in the equilibrium and dynamic shear moduli, but not compressive moduli, were observed in cartilage after
4 weeks of joint immobilization as compared to cartilage from a separate control population. Importantly, there was also evidence of a
decrease in the compressive and shear moduli of tibial cartilage from the contralateral knee joints compared to control joints that were not
immobilized. No significant effect of immobilization on the biochemical parameters or histomorphometric scores was detected, expect for a
significant loss of proteoglycan staining following immobilization. These findings for changes in the tibial cartilage following cast
immobilization are consistent with a mild form of cartilage degeneration. © 2001 OsteoArthritis Research Society International
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Articular cartilage requires some regimen of joint loading
and motion to maintain its native physical and biochemical
properties1,2. In vivo experimental models of reduced joint
loading and motion by casting of the limb have been shown
to induce signs of articular cartilage degeneration, includ-
ing increased hydration3–6, reduced proteoglycan (PG)
content4–13, altered PG aggregate structure4–7,9,13,14 and
decreased PG synthesis3,5,7,8,11,15,16. Increased collagen
synthesis17,18 and maintained or elevated collagen con-
tent6,13,17,18 have also been reported following immobiliza-
tion. Histological analysis has shown decreased intensity of
staining for PGs10,19, although comprehensive histological
grading schemes for cartilage20–23 have not yet been
applied to the immobilization model. Thinning of the carti-
lage layer has been observed at some sites4,11,19, which
may imply a decreased capacity for energy absorption in
the joint. In all cases, changes in composition, biosynthesis
and morphometry are known to vary among sites across
the articular surface, and with cartilage depth, suggesting a
differential response of cartilage to the variable loading in
these models. Many of these cartilage changes are similar633to those found in osteoarthritis (OA)24, so this model of
reduced joint loading has been used to study the process of
cartilage degeneration. However, some of the changes in
articular cartilage are at least partially reversible to control
values upon remobilization of the joint3–5,19,25,26, contrast-
ing with models of altered joint loading that produce
progressive and degenerative cartilage changes2,27.
The associated changes in the mechanical behavior and
function of articular cartilage following reduced joint loading
are generally inconclusive. There is evidence to suggest
that cartilage stiffness decreases after a period of joint
immobilization, based on reported values for the ‘instan-
taneous’ shear modulus28 and equilibrium shear modulus29
of canine cartilage determined from indentation testing at
11 weeks after casting. However, the instantaneous shear
modulus was observed to increase in a more recent study,
also after 11 weeks of immobilization29. In a prior study of
‘sling’ immobilization or joint disuse, few changes in the
tensile or compressive properties of cartilage from the
femoral condyle and tibial plateau were observed after a 4
or 8 week experimental period30. In a later study, a novel
technique to measure in situ swelling strains in cartilage
revealed increased swelling strains and decreased moduli
for femoral cartilage after 4 weeks of cast immobilization,
supporting the hypothesis that immobilization induced
cartilage ‘softening’31. Therefore, the known effects of joint
immobilization on cartilage mechanics remain poorly
understood.
A recent study of cartilage following joint immobilization
in the canine model demonstrated elevated staining for
matrix metalloproteases (MMPs) in the medial compart-
ment of the tibial plateau32. Signs of cartilage degeneration
and elevated protease staining were also observed in the
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SURGICAL PROCEDURE
Ten mongrel dogs, 2–3 years of age (20–30 kg) were
screened for skeletal maturity at the University of Miami.
The right hindlimb was cast immobilized at 90° flexion to
prohibit joint loading. The dogs were allowed free cage
activity for 4 weeks following immobilization, after which
they were euthanized. All procedures were approved by the
Institutional Animal Use and Care Committee. Both hind-
limbs of each animal were removed and shipped frozen to
Duke University, where they were stored immediately at
−20° until the time of dissection. An additional six joints
were obtained from dogs of skeletal maturity for use as
controls. After disarticulation and dissection of each knee
joint, the femoral and tibial components were wrapped
separately in gauze moistened with 0.15 M phosphate
buffered saline (PBS, pH 7.2) and stored in plastic freezer
bags at −20° until sample preparation. Cartilage–boneblocks adjacent to the site of the mechanical testing
samples were cut and prepared for histology.SAMPLE PREPARATION
Mechanical tests were performed on cartilage from the
anterior site of the medial tibial plateau (Fig. 1). This site
was chosen based on radiographic studies suggesting
that this was a non-contacting site during joint flexion30.
Cylindrical samples (5 mm diameter) of surface and middle
zone articular cartilage were prepared as described pre-
viously34. Adjacent tissue of matched thickness was stored
frozen for assays of glycosaminoglycan composition. All
samples were stored at −20° in cryogenic vials topped with
gauze moistened with 0.15 M PBS.Fig. 1. Sites of harvest for cartilage specimens for shear and compressive mechanical testing, biochemistry and histomorphometry, shown
here in a photograph of the tibial plateau of the left (contralateral) knee joint. The anterior site is believed to be non-contacting when
immobilized at 90° of flexion.MECHANICAL TESTING
Prior to testing, the sample was thawed at room tem-
perature in 0.15 PBS for 15 min. The reference diameter of
the cartilage cylinder was measured optically from a digital
image of the sample surface. The mechanical testing and
data analysis followed a protocol described previously34.
Mechanical testing was conducted on a displacement-
controlled rheometer (ARES, Rheometric Scientific,
Piscataway, NJ) with torque (0.2–200 gf-cm) and normal
force (0–2000 gf) transducers. Testing was performed in a
parallel plate configuration with porous and rigid platens to
fully grip the samples and prevent slip during testing.
Samples were centered on the platens and a reference
thickness (ho) determined as the thickness for a peak
load of 20 gf following application of a compressive dis-
placement (0.008 mm/s). Samples were then allowed to
equilibrate in a 0.15 M PBS solution for 1500 s. A series
of compressive stress-relaxation tests was performed.
Compressive displacements were applied to the sample
at a constant rate (0.008 mm/s) to a corresponding com-
pressive strain of =0.03, 0.06, 0.09, 0.12, and 0.15
(= −(h−ho)/ho), followed by an 1800 s period of stress-
relaxation. An equilibrium linear modulus (Eeq) was deter-
mined by fitting the equilibrium stress-strain data to ancontralateral knee joint, although to a lesser degree. In this
study, we used the same model of joint immobilization to
determine if altered cartilage mechanics were present at
sites corresponding to those of elevated MMP staining. Our
study was designed to directly evaluate relationships
between cartilage mechanics and corresponding structure
and composition through determination of mechanical
properties and parameters of histomorphometry and bio-
chemistry. The specific objectives were to quantify changes
in the shear and compressive properties of tibial articular
cartilage from the medial compartment at the 4-week
timepoint of joint immobilization. Cartilage was studied from
immobilized and contralateral joints, and from separate
joints that were untreated controls. We also measured
hydration and glycosaminoglycan content and performed
histological analysis in site-matched samples. The com-
pressive and shear mechanical properties were compared
to the parameters of biochemical composition and histo-
morphometry to test for significant correlations between
these variables, which could suggest potential mechanisms
for early cartilage changes following immobilization.
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increments and computing the tangent modulus at =0.10.
Following equilibration at the compressive strain of
=0.15, a dynamic torsional shear test was performed. An
oscillatory displacement, corresponding to a shear strain,
(t), where (t)=o sin(t), was applied to the sample at an
amplitude of o=0.01 and an angular frequency, , from
0.1 rad/s to 100 rad/s. The magnitude of the complex shear
modulus (|G*|) and loss angle () were calculated for the
assumption of linear viscoelastic behavior, as described
previously34. The sample was then subjected to a series of
shear stress-relaxation tests. Torsional displacements were
applied to the sample in a step-wise manner (o=0.005,
0.01, 0.02, and 0.03). The resulting torque was monitored
for 1200 s, followed by a 600 s recovery period upon
removal of the strain. An equilibrium shear modulus (Geq)
was calculated from linear regression of the equilibrium
shear stress as a function of the applied shear strains over
the four strain increments tested.BIOCHEMISTRY
Cartilage obtained from the immobilized and contra-
lateral knee joints (Fig. 1) was assayed for sulfated gly-
cosaminoglycan composition (S-GAG). Cartilage samples
were weighed to determine tissue wet weight (Wt), lyophi-
lized for 48 h and weighed again to determine the tissue dry
weight (Wd). Cartilage water content was calculated as the
percentage of tissue wet weight (%H2O/Wt). Cartilage
samples were digested overnight in a papain solution at
60–65°C (0.125 mg/ml papain, 0.1 M sodium phosphate
buffer, 5 mM Cysteine-HCl, 5 mM EDTA, pH=6.5), and
S-GAG content in the cartilage digests was measured
using the DMMB (1,9-dimethylmethylene blue) dye-
binding assay with shark chondroitin sulfate C (ICN
Pharmaceuticals Inc., Costa Mesa, CA) as a standard35.
Tissue GAG content was reported as the ratio of GAG to
tissue dry weight (g GAG/mg Wd).HISTOMORPHOMETRIC ANALYSES
Cartilage–bone blocks from the medial tibial plateau
adjacent to the sites of mechanical testing (Fig. 1) from the
immobilized, contralateral and untreated control groups
were fixed in 10% neutral buffered formalin for 24 h and
decalcified. Cartilage–bone blocks from the corresponding
anterior position on the lateral tibial plateau were similarly
prepared for histology. The blocks were dehydrated
through graded alcohols and xylene, embedded in paraffin,
and microtomed in 5 m thick sections for staining with
hematoxylin and eosin (H&E) or toluidine blue. Each
cartilage–bone section was evaluated using the histological
grading scheme described in Table I by one reader blinded
to treatment group20,23. All grading was performed on the
middle third of the cartilage cross-section. The H&E stained
sections were used to assess fibrillation and clefts in the
articular cartilage (0–8), microcracks in the calcified carti-
lage (0–2) and chondrocyte cloning in the superficial zone
(0–3). Cloning was defined as the presence of more than
one chondrocyte within the same lacunae within the sur-
face zone of the cartilage. Loss of PG staining was
assessed from the toluidine blue sections (0–6). The thick-
ness of the articular cartilage, calcified cartilage and
subchondral bone were measured from scanned and
digitized images of the H&E stained sections (Canvas 5.0,Deneba Systems, Inc., Miami, Fl) as the average of 5, 10
and 10 equidistant measurements, respectively.STATISTICAL ANALYSES
One-factor analysis of variance (ANOVA) with three
levels (untreated control, contralateral, immobilized) was
used to test for an effect of immobilization on the equilib-
rium mechanical properties (Eeq, Geq) of tibial cartilage.
The dynamic test results (|G*| and ) were analysed for
significant effects of immobilization with a two-factor multi-
variate analysis of variance (MANOVA) with three levels
(untreated control, contralateral, immobilized) and repeated
measures on three frequency decades (0.01, 10, 100 rad/
s). Post-hoc testing (Student–Neuman Keuls—SNK) was
performed when ANOVA or MANOVA revealed a significant
effect. A paired Students’ t-test was performed to test for
differences in water and S-GAG content of cartilage from
contralateral and immobilized knee joints.
Non-parametric testing was used to detect significant
differences in the histological results, since the histological
grading scheme produces data that are not normally dis-
tributed. One-factor Friedman ANOVA by Ranks was used
to detect a significant differences with site (lateral vs
medial) with repeated measures on site. One-factor
Kruskal-Wallis ANOVA by Ranks was applied to the data in
each of the seven categories to detect an effect of treat-
ment group (untreated control, contralateral, immobilized).
Where a significant effect was detected, additional post-hoc
analysis was performed on subsets of the data to deter-
mine between which levels there was significance. A 5%
significance level was used for all tests.Results0
250
M
od
u
lu
s 
(k
P
a)
Geq
200
150
100
50
*
*
Eeq
Fig. 2. The equilibrium mechanical properties of canine cartilage
after 4 weeks of immobilization. The compressive (Eeq) and shear(Geq) moduli of anterior tibial plateau cartilage are shown. Data
plotted as mean±S.D. * Denotes significantly different from control
joint cartilage. Control, ; contralateral, ; immobilized, .MECHANICAL PROPERTIES
Mechanical property data (Geq, Eeq, |G*|, ) for carti-
lage samples from one contralateral control joint and one
immobilized joint were omitted from statistical analysis as
outliers by Chauvenant’s criterion36. The mean diameter of
all samples tested was 5.04±0.12 mm and the thick-
ness was 0.87±0.34 mm (N=24). The value for the com-
pressive modulus, E , of immobilized canine cartilageeq
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lage (0.06±0.05 MPa) by 24% and lower than control
cartilage (0.12±0.10 MPa) by 58%. However, significant
differences were not detected in values for Eeq between
immobilized, contralateral and control groups (P=0.18
ANOVA, Fig. 2). A significant effect of immobilization on the
equilibrium shear modulus, Geq, was observed (P<0.005
ANOVA), with values for Geq that were 75% lower than
untreated control values following 4 weeks of joint immobi-
lization (control: 0.12±0.07 MPa, immobilized: 0.03±
0.03 MPa, P<0.005, SNK). Reductions in Geq of 53% for
immobilized cartilage were also observed compared to
contralateral joint cartilage (0.06±0.03 MPa) although
differences between these groups were not statisticallysignificant (P=0.16, SNK). Finally, there was evidence of a
significant difference in the values for Geq between carti-
lage from contralateral joints and the untreated control
joints (P<0.05, SNK).
The dynamic torsional shear testing showed significant
effects of treatment and frequency on the mechanical
properties of canine cartilage (P<0.05, MANOVA). While
the effect of frequency was significant for both the dynamic
shear modulus, |G*|, and loss angle,  (P<0.0001,
ANOVA), the effect of treatment was significant only for the
dynamic modulus (P<0.005, ANOVA). There was an overall
reduction in |G*| following joint immobilization, as demon-
strated by representative results at =10 rad/s (Fig. 3).
Values for |G*| in the immobilized group were 71% lower
than control values (control: 0.28±0.16 MPa, immobilized:
0.08±0.08 MPa) and 46% lower than contralateral values
(0.15±0.06 MPa) following 4 weeks of immobilization,
although significant differences were detected only
between control and immobilized groups (P<0.005, SNK).
As with values for the equilibrium shear moduli, significant
differences in |G*| were detected between cartilage
samples from contralateral and control groups (P<0.05,
SNK). The loss angle averaged 11.3±2.0° for all samples.0
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Fig. 3. The dynamic mechanical properties of canine cartilage
following 4 weeks of immobilization. The dynamic shear modulus
(|G*|) and loss angle () are shown for =10 rad/s. Data plotted
as mean±S.D. * Denotes significantly different from control joint
cartilage. Control, ; contralateral, ; immobilized, .Table I
Histological grading scheme for articular cartilage
Parameter Grade Description
Articular cartilage fibrillation and clefts 0 Normal
1 Surface irregularities
2 1–3 clefts into the superficial zone
3 >3 clefts into the superficial zone
4 1–3 clefts into the transitional zone
5 >3 clefts into the transitional zone
6 1–3 clefts into the radial zone
7 >3 clefts into the radial zone
8 Clefts into the calcified cartilage zone
Chondrocyte cloning (superficial zone) 0 Absent
1 Occasional clone pairs
2 Dense clone pairs
3 Clone clusters
Microcracks (in calcified cartilage and
subchondral bone)
0 None
1 One
2 ≥2
Loss of proteoglycan staining 0 Uniform staining
1 Loss in superficial zone for <1/2 of middle thirda
2 Loss in superficial zone for ≥1/2 of middle third
3 Loss through middle zone for <1/2 of middle third
4 Loss through middle zone for ≥1/2 of middle third
5 Loss in all 3 zones for <1/2 of middle third
6 Loss in all 3 zones for ≥1/2 of middle third
a
‘Middle third’ indicates the width of the middle third of the cartilage cross-section.BIOCHEMISTRY
No differences were detected in the water content of
tibial cartilage following immobilization as compared with
that of the contralateral joint (contralateral: 83.2±4.0%
vs immobilized: 84.4±4.3%, P=0.35, Students t-test).
Similarly, S-GAG per dry weight did not significantly change
following immobilization (contralateral: 234±59 g S-GAG/
mg dry weight vs immobilized: 253±44 g S-GAG/mg dry
weight, P=0.22, Students t-test). No significant corre-
lations were found between biochemical measures and
mechanical properties.
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One medial sample from the control group and one
lateral and medial pair from the contralateral group were
omitted from analysis because tissue was not available for
histology. The thicknesses of the articular cartilage, calci-
fied cartilage, and subchrondral bone were similar among
treatment groups (Table II). There was a general trend
towards greater thicknesses on the lateral side, except for
the control calcified cartilage and contralateral subchondral
bone, but this effect was not statistically significant
(P>0.05, Kruskal–Wallis ANOVA). The range of grading
scores for staining, microcracks, fibrillation, and cloning
was similar among the treatment groups and some evi-
dence of cartilage degeneration was present in all groups.
Generally, the mode, or most common score, of each
histomorphometric parameter varied little, although a
higher frequency of microcracks and cloning was observed
in the sections from contralateral and immobilized joints
than the control joints (Fig. 4). No significant difference was
detected between medial and lateral tibial cartilage in any
of the seven parameters measured from histological
sections, so medial and lateral data was pooled for subse-
quent statistical analyses (P>0.05, Friedman ANOVA).
Immobilization was found to have a significant effect on the
grading of the toluidine blue stained sections. Scores for
toluidine blue staining for the immobilized group were
significantly higher than those from the untreated control
group and the contralateral group, indicating a trend toward
decreased PG staining with immobilization (P<0.01,
Kruskal–Wallis ANOVA, Fig. 4). The control and contra-
lateral groups were not significantly different from each
other (P>0.05, Kruskal–Wallis ANOVA). No other histologi-
cal parameters were observed to vary with treatment.Table II
Cartilage and subchondral bone thickness for pooled medial and lateral sites at the tibial plateau
Control Contralateral Immobilized
Articular cartilage (mm) 0.957±0.329 1.228±0.334 1.187±0.299
Calcified cartilage (mm) 0.127±0.030 0.135±0.033 0.187±0.261
Subchondral bone (mm) 0.956±0.229 1.082±0.311 0.918±0.2890
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Fig. 4. Range ( ) and mode ( ) of histological scores for toluidine
blue staining, microcracks, fibrillation and chondrocyte cloning
(see Table I) for the three treatment groups untreated control (A),
contralateral (B) and immobilized (C). Data from medial and lateral
sites at the tibial plateau are pooled. A score of 0 indicates no
evidence of degeneration in the category. * Denotes significantly
different from control joint cartilage. § Denotes significantly
different from contralateral joint cartilage.Discussion
In this study, changes in the shear and compressive
properties of canine articular cartilage were determined
after a 4-week period of joint immobilization. In addition to
the material properties, parameters of biochemical com-
position and histomorphometry were simultaneously deter-
mined for adjacent cartilage on the medial tibial plateau.
The anterior site was chosen for study because the site
was not believed to be weight-bearing or contacting after
casting at 90° of flexion30. The results showed that joint
immobilization did not have a significant effect on the
compressive properties of tibial cartilage, although there
was a trend of a reduction in the compressive modulus. Our
findings for compressive modulus are consistent with pre-
vious studies that did not find significant changes in the
compressive modulus determined from indentation test-
ing30 and support the hypothesis that cartilage function in
compression is not severely impaired following immobiliza-
tion. In contrast, we observed that periods of joint immobi-
lization had a significant and potentially deleterious effect
on the shear properties of tibial cartilage determined fromboth equilibrium and dynamic testing. The equilibrium and
dynamic shear moduli decreased significantly in compari-
son to samples from an untreated control population. In all
measures of cartilage behavior in shear, there was also
evidence of significant differences between contralateral
control cartilage and cartilage from the untreated control
population. The finding that periods of joint immobilization
638 M. A. LeRoux et al.: Cartilage changes following immobilizationaffect the mechanical function of both the contralateral and
immobilized limb is consistent with previous studies that
demonstrated altered biochemical composition for canine
cartilage from the two joints3,13. In our study, immobilization
gave rise to histological changes suggestive of loss of PG
content, although this was not confirmed by compositional
measures of S-GAG in the full-thickness cartilage.
An important finding of this study was the presence of
significant differences in the shear moduli between carti-
lage studied from the contralateral joints and a separate
control population. Previous studies have reported a del-
eterious effect of joint immobilization on the contralateral
limb in measures of cartilage composition3,13 although this
is the first study to confirm this observation by finding
differences in cartilage mechanical properties. Our data
suggest that joint immobilization may be associated with
altered joint loading in the contralateral limb in a manner
that induces cartilage matrix damage consistent with both
joint immobilization and joint instability30,37. Further studies
are required to determine if this effect is produced by
changes in the magnitude and characteristics of joint load-
ing, or results from a more systemic factor such as altered
nutrient diffusion associated with altered joint loading.
The reduction of approximately 70% in both values for
the equilibrium and dynamic shear moduli of tibial cartilage
following joint immobilization suggests that damage to the
collagen–proteoglycan cartilage network may occur in this
model of cartilage degeneration. Collagen is believed to be
the principal determinant of the shear behavior of articular
cartilage, as the high tensile stiffness of the collagen fibril is
engaged in resisting shear deformations of the matrix
during loading38,39. As in our immobilization model, pre-
vious studies of cartilage behavior following joint instability
have also demonstrated reductions in the equilibrium and
dynamic shear moduli, in both the anterior cruciate liga-
ment transection model37 and the meniscectomy model of
osteoarthritis34.
Our findings of decreased equilibrium shear moduli fol-
lowing immobilization contrasts with previous findings for
cartilage behavior following joint immobilization. In these
studies, there was evidence of a 25% decrease in the shear
modulus of cartilage after 11 weeks of immobilization29 and
unchanged shear modulus after 4 and 8 weeks of sling
immobilization30. Important differences, however, may
result from the testing methods used here and in prior
studies. For example, our results for the equilibrium shear
modulus were 0.125 MPa for the control samples and
0.031 MPa for the immobilized samples, values up to an
order of magnitude lower than those from indentation
testing of tibial plateau cartilage29,30. One of the reasons
for the discrepancy may be that torsional shear, used in the
present study, directly measures the average response of
the full-thickness sample, while compressive indentation
testing is strongly influenced by the properties of the
superficial zone cartilage and the Poisson’s ratio needed
for the theoretical solution. The discrepancy may also
be related to differences in the method and period of
immobilization.
No significant correlations were observed between the
mechanical properties and biochemical and histomorpho-
metric parameters, suggesting that these parameters were
not sensitive to the factors responsible for the altered
mechanical function. Previously, we detected a positive
correlation between collagen fiber organization at the
superficial zone cartilage and the shear modulus34. In a
study related to the present study, we observed increased
swelling strains following immobilization, also suggestive ofa compromised collagen matrix31. Recent studies of the
canine immobilization model provided evidence for
decreased collagen crosslinking after 11 weeks19, although
analysis of birefringence patterns showed no changes in
the collagen organization19,29. The suspected activity of
MMPs and ADAMTSs (a disintegrin and metalloproteinase
with thrombospondin motifs) on collagen and proteoglycan
macromolecules32,33,40 may contribute to the degradation
of the collagen-proteoglycan network, with deleterious con-
sequences for the shear properties as observed here.
Indeed, a recent study of this joint immobilization model
suggested that a proteolytic mechanism may be present,
since elevated staining for MMP1 and MMP3 was observed
in tibial cartilage after a 6-week period of joint immobiliza-
tion32. Simultaneous examination of the collagen matrix
and shear properties in future research may provide insight
into the mechanisms of altered shear behavior.
Our findings for no changes in compositional measures
of canine tibial cartilage after joint immobilization partly
support the findings of previous studies of the casted
canine knee3,10,13,25,26,30. Findings for both changes in
hydration and PG content following periods of joint immo-
bilization are not entirely consistent in the literature for
full-thickness tibial cartilage. Some studies have provided
evidence of a significant decrease in the PG content of
cartilage on the tibial plateau, but not femur, after joint
immobilization3,13, while others have shown the opposite
result6,10,26. Additional studies observed a decrease in PG
content and the ratio of PG to collagen in full-thickness
tibial and surface zone femoral cartilage after 4 weeks of
‘sling’ immobilization14. Findings for water content are
similarly inconsistent. We found no change in water con-
tent, which agrees with the results from a study of femoral
cartilage30, but not with the results from tibial30 and knee
joint cartilage3. Some previous studies have reported that
the compositional changes demonstrate variations with
site in the joint and are largest for surface zone carti-
lage9,10, so it is likely that measures of full-thickness
cartilage composition are not sufficiently localized to detect
these changes.
Most of the results from the histomorphometric evalu-
ation did not show an effect of immobilization nor site-
specific effects. We did not find a significant difference in
histomorphometric parameters between medial and lateral
sites on the tibial plateau, which is consistent with reported
data for cartilage thickness25,28 and PG content3. Although
cartilage thinning following immobilization has been
observed at sites on the femur and patella4,5,19, we did not
find significant changes in cartilage, calcified cartilage, or
subchondral bone thickness on the tibia, consistent with
previous findings for the tibial plateau10,29. With the excep-
tion of altered toluidine blue staining, immobilization did not
produce a measurable effect on the other categories of
histological grading. These parameters have not been
studied previously in the immobilization model and provide
evidence of important differences between this model and
human OA, as well as other models of OA that are
progressive in nature2,41.
In summary, we have demonstrated that the mechanical
properties of joint cartilage in both immobilized and contra-
lateral limbs are altered following a 4 week period of joint
immobilization. Both compressive and shear moduli
decreased, but only changes in the shear moduli were
statistically significant. The findings for material property
changes are consistent with a pattern for cartilage ‘soften-
ing’ in shear, which suggests that elevated matrix deforma-
tions may occur during normal joint loading. There were
Osteoarthritis and Cartilage Vol. 9, No. 7 639few accompanying changes in biochemical or histomorpho-
metric parameters, however, except for a significant loss of
staining for PGs, predominantly in the superficial zone.
Further work is required to determine if these changes
result from elevated proteolysis and/or reduced matrix
protein synthesis and if these changes are reversible or
progressive with remobilization. Additional study of the
compositional and structural changes to the collagen matrix
in the immobilization model may describe the mechanisms
for decreased stiffness in shear and structure–function
relationships of degenerate cartilage.Acknowledgment
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